Motivation: Phenotypic data collected in breeding programs and marker-trait association studies are often analyzed by means of linear mixed models. In these models, the covariance between the genetic background effects of all genotypes under study is modeled by means of pairwise coefficients of coancestry. Several marker-based coancestry estimation procedures allow to estimate this covariance matrix, but generally introduce a certain amount of bias when the examined genotypes are part of a breeding program. CoCoa implements the most commonly used marker-based coancestry estimation procedures and as such, allows to select the best fitting covariance structure for the phenotypic data at hand. This better model fit translates into an increased power and improved type I error control in association studies and an improved accuracy in phenotypic prediction studies. The presented software package also provides an implementation of the new Weighted Alikeness in State (WAIS) estimator for use in hybrid breeding programs. Besides several matrix manipulation tools, CoCoa implements two different bending heuristics, in case the inverse of an ill-conditioned coancestry matrix estimate is needed. Availability and Implementation: The software package CoCoa is freely available at http://webs.hogent.be/cocoa. Source code, manual, binaries for 32 and 64-bit Linux systems and an installer for Microsoft Windows are provided. The core components of CoCoa are written in C++, while the graphical user interface is written in Java.
INTRODUCTION
The coefficient of coancestry between two genotypes can be defined as the probability that a randomly selected allele at a particular locus of one genotype is identical to a randomly selected allele at the same locus of the other genotype because of a common inheritance from a nearby ancestor. The coefficient of coancestry can be estimated from pedigree information but in case of selection or genetic drift, a marker-based coancestry estimation procedure is likely to show less bias. Yu et al. (2006) demonstrate that the incorporation of a marker-based coancestry matrix improves the control of both types I and II error rates in mixed model-based association studies, while Bernardo (1994) uses a marker-based coancestry matrix to * To whom correspondence should be addressed. make reliable predictions on the phenotypic performance of untested maize hybrids.
Estimating the coefficient of coancestry by simply counting the marker similarities between two individuals usually results in an upwardly biased estimator because the ancestral origin of the observed alleles remains unknown. The field of population genetics has, therefore, developed several marker-based coancestry estimation procedures that try to avoid this pitfall. Unfortunately, the implicit assumptions on which these estimators rely, usually linkage or even Hardy-Weinberg equilibrium, are far from reasonable for plant and animal breeders who work with highly selected and often inbred genotypes. Faced with this dilemma, quantitative geneticists try to minimize the amount of estimation bias by choosing a coancestry estimator that, when plugged into the variance structure, results in a linear mixed model with a superior goodness-offit. However, the lack of software that implements the various estimation procedures published in scientific literature usually results in a very restricted set of candidates. Attempts to broaden this set of candidates by implementing additional estimation procedures is often very time consuming, while there is no guarantee that these efforts will be rewarded by producing an improved model fit. In fact, most published procedures have no way to assure that the estimated coancestry matrix can be used as a covariance matrix altogether, as this requires the matrix to be at least positive semi-definite (psd). Any matrix that does not possess this property is not a covariance matrix by definition, just as a negative number is not a measure of variance.
Using theoretical arguments to select a coancestry estimator does, however, not guarantee an improved model fit. In fact, a psd coancestry matrix can still be (nearly) singular if the set of markers is small or little polymorphic, or if genotypes with nearly identical or highly dependent marker-based fingerprints are present. For these ill-conditioned cases, there is no way to obtain a numerically stable matrix inverse, which is needed to fit the estimated covariance matrix in any linear mixed model software package. Generally, such a situation should be remedied by increasing the number of genotyped markers or excluding specific genotypes. However, if these are not valid alternatives for whatever reason, one could consider to bend the estimated coancestry matrix toward the nearest positive definite matrix. Matrix bending was first described by Hayes and Hill (1981) and several bending approaches have been published since then. These procedures should, however, be considered as a last resort because matrix bending always introduces additional bias into the coancestry estimators. On the plus side, bending allows to consider estimation methods that can produce non-psd coancestry matrices and as such, increases the chance of obtaining an improved model fit.
METHODS
CoCoa implements five commonly used marker-based coancestry estimation procedures when dealing with genotypes in breeding pools: the uncorrected alikeness in state (AIS) estimator, the BNO estimator described by Bernardo (1993) , the new WAIS estimator (Maenhout et al., 2009) , the LOI coancestry estimator described by Loiselle et al. (1995) and the maximum likelihood estimator (MLE) described by Thompson (1975) . The molecular fingerprint of each genotyped individual can be provided in the exact same file format as is needed by the software package 'structure' (Pritchard et al., 2000) . All implemented estimation procedures work exclusively on multilocus genotype data so there is no need to provide pedigree information. Similarly, all estimators assume that the genotyped markers are in gametic phase equilibrium, so genetic map information is not required. This latter assumption, however, implies that all implemented coancestry estimators are most likely biased when applied to genotypes that are part of a breeding program. In fact, under these circumstances, it is impossible to obtain exact, marker-based coancestry estimates and one should try to identify the estimation procedure that introduces the least amount of bias for the set of genotyped individuals at hand.
LOI and MLE are both estimators from the field of population genetics and rest on the assumption that the genotyped individuals represent a random sample from a population in Hardy-Weinberg equilibrium. Obviously, the more the set of genotyped individuals deviates from this theoretical assumption, the larger the bias introduced by both methods. Furthermore, the implemented algorithm for MLE makes use of a quasi-Newton non-linear interior-point method to optimize the likelihood function. This particular estimation procedure expects co-dominant marker information on diploid genotypes, while the other four estimators put no restrictions on the marker type or the ploidy level of the genotyped individuals. MLE does, however, always produce coancestry estimates within the unit interval, while LOI allows for estimates that are smaller than zero or greater than one. BNO and WAIS do not rely on Hardy-Weinberg equilibrium and are therefore better suited for an application in breeding pools. Both methods do, however, assume that a reference set of unrelated, genotyped individuals is available. This is typically the case in hybrid breeding programs where the different heterotic groups can function as reference sets. Contrary to BNO, WAIS always results in a psd coancestry matrix and all estimates lie within the unit interval. These constraints usually result in a slight increase in the amount of estimation bias compared with BNO. AIS assumes that all observed marker similarities are identities by descent. Contrary to LOI and MLE, this estimator performs best if the genotyped individuals are the result of a large number of breeding cycles.
Besides implementing five different coancestry measures, CoCoa also provides a set of matrix manipulation tools that are useful for dealing with marker-derived covariance matrices. Matrix elements can be bounded within a predefined interval (e.g. the unit interval) and if the estimated matrix is well-conditioned, a matrix inversion routine based on the singular value decomposition allows to obtain a numerically stable inverse for use in linear mixed model packages. The sensitivity to small perturbations, caused for example, by round-off errors, is expressed as the two-norm condition number of the estimated coancestry matrix. The larger this condition number, the less reliable the matrix inverse will be. To decrease the matrix condition number, the estimated coancestry matrix can be bent using one of the two bending algorithms that CoCoa provides. The first bending algorithm is based on a spectral decomposition with subsequent correction of the negative eigenvalues. Although computationally straightforward, this algorithm does not allow to constrain the matrix elements within the unit interval. CoCoa provides a second bending algorithm, inspired by the program FLBEND (Henshall and Meyer, 2002) , in case the matrix needs to be bent toward the nearest psd matrix, while restraining each matrix element within the unit interval. A psd output matrix is constructed through an iterative procedure of Monte Carlo sampling. Solutions that force one or more matrix elements outside the unit interval are rejected, while psd solutions, for which all matrix elements lie within the preset interval boundaries, are accepted with a probability that is inversely proportional to their distance to the input matrix. This approach is computationally far more exhausting than the spectral decomposition-based bending procedure but usually results in an output matrix that is closer to the input matrix (i.e. introduces less bias).
CoCoa allows to export the estimated coancestry matrices to various file formats which are required by the most commonly used software packages for linear mixed model analysis such as SAS Proc Mixed, ASReml and Wombat. More general export formats such as a dense rectangular array or lower and upper triangular arrays are also available.
CONCLUSIONS
CoCoa implements five marker-based coancestry estimation procedures that allow to construct part of the variance structure of linear mixed models involved in breeding value estimation or association studies. Among these five estimators is the recently developed WAIS estimator for use in hybrid breeding programs. Besides coancestry estimation, CoCoa can perform several matrix manipulations such as bounding the matrix elements within a predefined interval and matrix inversion. In case the estimated coancestry matrix is ill-conditioned, CoCoa provides two matrix bending algorithms to find the nearest, positive definite matrix which allows inversion.
